Photo-reactions of molecules with two [2π+2π]-cycloaddition sites in the solid state are reported. Four thyminyl stilbazoles having both a stilbazole olefin and a thyminyl olefin were synthesized using the Heck reaction of halo-pyridine substrates with vinylbenzyl thymine or methylated vinylbenzylthymine. Only one of them, methylated vinylbenzylthymine with 4-pyridine was photoreactive and formed a headto-tail stilbazole dimer. The crystal structures of thyminyl stilbazoles and the stilbazole dimer were used 10 to investigate the structure-reactivity relationships. 45 
Introduction
Topochemical reactions are increasingly being investigated as 15 solvent free green reactions for the synthesis of complex molecules with controlled regio-and stereospecificity. 1, 2 One of the topochemical reactions, solid state [2π+2π]-cycloaddition, involves a photo-chemical reaction between two olefinic molecules to yield a cyclobutane derivative. 3, 4 Green synthetic 20 routes to cyclobutane compounds are important since cyclobutane moieties occur in a number of natural products and alkaloids. 5 However, reports of molecules synthesised by the [2π+2π]cycloaddition are limited. It is challenging to design new molecules for [2π+2π]-cycloaddition as the reactive molecules 25 must be suitably positioned/oriented within the crystal lattice. Schmidt's topochemical postulate states that for a solid-state [2π+2π]-cycloaddition reaction to occur, the pair of reactive olefins should be parallel to one another, and be separated by a distance of 3.5-4.2 Å. 6 Schmidt also explained that the photo-30 dimerisation reactions occurred with a minimum amount of molecular movement, which means that the topochemistry of the reactant molecules is directly related to the stereochemistry of the resulting photo-product molecules.
With few exceptions, 7 Schmidt's topochemical arguments concerning the reactivity of 35 crystalline solids hold true to this day.
Stilbazole derivatives are known to form dimers by [2π+2π]cycloaddition and a number of literature examples are reported which focus on their dimerization in the solid state, with and without template molecules. [8] [9] [10] [11] [12] Thymine, one of the nucleobases 40 in DNA, is also known to undergo [2π+2π]-cycloaddition. 3, [13] [14] [15] Photo-dimerization of thymines is known to disrupt the helical structure of DNA, leading to formation of DNA lesions. 16 The lesions create isolated loops in the DNA strand which causes loss of genetic information during subsequent cellular-replication cycles. For this reason, thymine dimerization is implicated as the cause of certain skin cancers. 17 It is therefore important to study thymine dimerizations to understand this phenomenon. 50 In this paper, we have synthesized thyminyl stilbazoles which possess both a stilbazole olefin and a thyminyl olefin in their structure. These molecules have a potential to form five different types of products via [2π+2π]-cycloaddition (Figure 1) . They can form a stilbazole dimer from the cycloaddition of the 55 stilbazole olefins, they could form a thyminyl cyclobutane dimer from the cycloaddition of the thyminyl olefins, or an asymmetric dimer from cycloaddition between the thyminyl and stilbazole olefin. A symmetric or asymmetric polymer could also be formed when both the stilbazole and thyminyl olefins dimerize. The photo-activity of these synthesized thyminyl stilbazoles was studied to investigate the photo-product. In addition, the crystal packing of molecules was studied to understand the structural factors necessary to achieve adequate topochemistry and to 80 2 | Journal Name, [year], [vol], 00-00
This journal is © The Royal Society of Chemistry [year] explain in detail why certain molecular features lead to a certain photo-product.
Experimental

Materials and methods
All chemicals were purchased from Sigma-Aldrich, Castle Hill, 5 NSW, Australia. Solvents were purchased from Merck, Kilsyth, Victoria, Australia. Microwave syntheses were carried out using a CEM-Discover instrument in either 10 mL or 35 mL vials. A dynamic method was used in which the maximum pressure and power settings were 300 psi and 300 W, respectively. Melting 10 points were determined using a Buchi B-545 melting point apparatus with a digital thermometer. IR spectra were recorded by using a Bruker Equinox 55 in ATR mode with diamond as the background reference. 1 H NMR spectra were recorded at 400 MHz on a Bruker DPX-400 spectrometer. 13 C NMR spectra were 15 recorded at 100 MHz on a Bruker DPX-400 spectrometer. Electrospray ionisation mass spectra (ESI) were recorded on a Micromass platform II API QMS Electrospray mass spectrometer. 20 All structural analyses were performed on the MX1 microcrystallography beam-line at the Australian Synchrotron, Clayton, Victoria. The end station comprised a ϕ goniostat with a Quantum 210r area detector. Data were collected using the Blue Ice GUI and processed using the XDS software. CCDC 25 depositions 984307, 984308, 984309, 984310, and 984311 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre. suspended in 20 mL DMF in a 35 mL microwave vial. The vial was capped and flushed with dry N 2 for 5 minutes, prior to microwave irradiation. The reaction temperature was raised from 70˚C to 140˚C, in increments of 10˚C.min -1 and the temperature was then maintained at 140˚C for 1 h. The cooled reaction 40 mixture was filtered through a Celite plug, and the plug was thrice washed with 15 mL portions of DMF. The filtrate was evaporated to yield a yellow-orange gum. CH 2 Cl 2 (6 -10 mL) was used to precipitate the compound, 1. was prepared using a similar procedure to that used for the preparation of VBT-4Pyr (1) except a modified workup procedure was employed, and the following reagents and quantities were used: methylated vinylbenzylthymine (1.17 g, 4.54 mmol), 2-tert-butyl-4-methylphenol (5 mg, 0.03 mmol), 90 NaOAc (0.74 g, 9.10 mmol), P(o-tol) 3 (0.23 g, 0.78 mmol), Pd(OAc) 2 (70 mg, 0.30 mmol), and 4-bromopyridine hydrochloride (0.59 g, 3.03 mmol). After filtration of the reaction mixture through Celite as described previously, the DMF was evaporated to give a yellow-orange oil which was taken up in 95 10% sodium hydroxide (25 mL) and extracted thrice with CH 2 Cl 2 (50 mL portions). The organic phase was dried over MgSO 4 and the solvent was evaporated from the filtrate under reduced pressure. The residue was taken up in CH 2 Cl 2 (5 mL) and the product was precipitated upon addition of hexane (100 mL). The 100 whole sample was recrystallised by adding a boiling CH 2 Cl 2 (3 mL) solution to boiling hexane (25 mL). The resulting milky suspension was heated for a further 5 min. Upon cooling and slow evaporation, single crystals of VBMT-4Pyr (3) were obtained and isolated by filtration. 
Single crystals (SC-XRD)
Synthesis of thyminyl stilbazoles
(E)-3,5-Dimethyl-1-(4-(2-(pyridin-3-yl)vinyl)benzyl)pyrimidine-2,4(1H,3H)-dione (VMT-3Pyr, 4): VMT-3Pyr (4)
was prepared using a similar procedure to that used for the preparation of VBT-4Pyr (1) except the following reagents and 10 quantities were used: methylated vinylbenzylthymine (1.17 g, 4.54 mmol), 2-tert-butyl-4-methylphenol (5 mg, 0.03 mmol), NaOAc (0.74 g, 9.1 mmol), P(o-tol) 3 (0.37 g, 1.21 mmol), Pd(OAc) 2 (70 mg, 0.30 mmol), and 3-bromopyridine (0.48 g, 3.03 mmol). 
Results and discussion
55
Synthesis of thyminyl stilbazoles
To synthesize thyminyl stilbazoles, we have used the Heck reaction of halo-pyridine substrates with vinylbenzyl thymine or methylated vinylbenzylthymine.
Vinylbenzyl thymine and methylated vinylbenzylthymine have previously been used as a 60 monomer in radical polymerisations, and various preparation procedures have already been described. [18] [19] [20] Using a literature procedure, vinylbenzyl thymine and methylated vinylbenzylthymine were synthesized in alkaline aqueous media by substitution of the N1 thyminyl hydrogen with vinylbenzyl 65 chloride. 21 Four molecules, vinylbenzyl-thymine with 4-pyridine (VBT-4Pyr, 1) and with 3-pyridine (VBT-3Pyr, 2) and methylated vinylbenzylthymine with 4-pyridine (VMT-4Pyr, 3) and with 3-pyridine (VMT-3Pyr, 4) were synthesized using Pd(OAc) 2 as a catalyst with added phosphine ligand P(o-tol) 3 ). 70 The products were obtained as solids that were spectroscopically consistent with the target compounds. To ascertain the topochemical reasons for photo-stability of the sample, a crystal of 1 was subjected to analysis by SC-XRD on the MX1 beamline at the Australian Synchrotron. The crystal 105 structure obtained is shown in hydrogen bonding between the thyminyl N3H of one molecule and the pyridyl nitrogen of another molecule. These N3H ... N hydrogen bonds were 1.93 Å in length, and continued throughout the lattice to produce a1-dimensional hydrogen bonded tape. The hydrogen bonded tape structures then stacked on top of one 5 another to give the overall herringbone-like structure shown in Figure 3a . The tightly stacked tape strands meant that parallel 1 molecules were separated by short distances (closest contact, 3.29 Å). As shown in Figure 3b , the tight packing of parallel 1 molecules was potentially stabilised by π-π interactions between 10 the olefin and benzyl ring (3.54 Å), and the olefin and pyridyl ring (3.54 Å). Despite such close molecular packing however, the separation distance between the photo-dimerisable stilbazole olefins was 4.96 Å due to a molecular slip the length of the NH ... N hydrogen bond. This distance was well outside the photo- 15 activity constraints described by Schmidt, 6 and was probably the reason for photo-stability of the crystals.
Crystals of VBT-3Pyr (2) were grown from a hot ethanolic solution to yield a yellow crystalline solid. The crystals were screened for photo-activity by irradiating a sample with 302 nm 20 UV light. Again, the crystals were photo-stable, as no changes were identified in the 1 H-NMR spectrum of the irradiated sample.
To explain the photo-stability of 2, its crystal structure was determined, and is represented in Figure 4 . As expected, changing the position of the pyridyl nitrogen from the 4-to 3-25 position did destabilise the imide ... pyridine hydrogen bond. However, two new Watson and Crick style hydrogen bonds formed instead between the N3 hydrogens and the C4 carbonyls of adjacent thyminyl moieties (i.e N3H ... O=C4; C4=O ... HN3), as shown in Figure 4 . The length of the hydrogen bonds was 1.92 30 Å. Compared with 1, the Watson and Crick style hydrogen bonds in the 2 crystal altered the overall crystal structure substantially. Whereas infinite strands of hydrogen bonded molecules were observed in the 1 structure, the 2 structure formed discrete molecular pairs that were stabilised by the two hydrogen bonds 35 between the thyminyl rings. Pairs of 2 molecules slip-stacked on top of one another to generate layers, but again the separation of the stilbazole olefins was too far for photo-dimerization to occur (4.87 Å). (4) were grown by preparing boiling solutions of each compound in a few 50 millilitres of CH 2 Cl 2 . Boiling hexane (25 mL) was then added to the solution to form a milky suspension, which was heated and stirred for further 5 minutes before slowly cooling. On cooling, crystals suitable for analysis by SC-XRD were isolated by filtration. The crystal structures corresponding to 4 and 3 are 55 shown in Figure 5 and Figure 6 , respectively.
Crystals of each of VMT-4Pyr (3) and VMT-3Pyr
In the VMT-3Pyr (4) crystal structure in Figure 5 , the main driving force for crystal packing was π-π interactions. Molecules of 4 stacked on top of one another to produce nearly parallel molecular pairs that were closely associated by distances of 60 around 3.0 Å. Again, molecules of 4 slip-stacked on top of one another to produce displaced pairs, as shown in Figure 5 . This arrangement appeared to be stabilised by π-π stacking interactions between the olefin ... aryl (3.01 Å) and the olefin ... pyridine (2.97 Å) moieties. The slipped molecular stacking meant that the 65 stilbazole olefins were separated by too great a distance for them to be photoreactive toward [2π+2π]-cycloaddition (d = 4.40 Å). This finding was confirmed by irradiation of the compound and subsequent spectroscopic analysis of the sample using 1 H-NMR spectroscopy which indicated unchanged 4. As shown in Figure 6 , and in contrast with the previous structures that packed in head-to-head arrangements, VMT-4Pyr 85 (3) molecules packed in a head-to-tail fashion with respect to the stilbazole moieity. This type of packing resulted in pairing of the stilbazole groups, and protrusion of the thyminyl rings at either end of the pair. The thyminyl rings of one stilbazole pair then associated with the protruding thyminyl rings of the next pair 90 through trans-anti type π-π interactions to give the impression of molecular columns. These 'columns' packed to give the overall structure as shown in Figure 6 . Head-to-tail molecular pairing was apparently stabilised by the two aryl ... pyridine (3.69 Å) π-π interactions and the olefin ... olefin 110 π-π interaction occurring at the stilbazole moieties. Collectively, these three weak interactions imposed parallel pairing of the stilbazole olefins, such that the stilbazole olefinic bonds were separated by a distance of 3.75 Å, which was suitable for photodimerization of the stilbazoles using the [2π+2π]-cycloaddition. As stated above, the protruding thyminyl rings of the stilbazole pairs associated with those of the next pairs, which resulted in trans-anti type pairing and thus the reactive double bonds of the thyminyl rings were separated by a distance of 4.03 Å, also suitable for photo-dimerization by the [2π+2π]-cycloaddition 5 reaction.
Photo-activity and crystal structure of thyminyl stilbazoles
An irradiated sample of the VMT-4Pyr (3) crystals (302 nm, 17 h) was subjected to UV-Vis and 1 H NMR spectroscopic analyses, which revealed that photo-dimerization occurred exclusively at 10 the stilbazole moiety. The UV absorption spectra of 3 and the corresponding photo-product 5 are shown in Figure 7 . The UV absorption spectrum of 3 shows strong absorption at 302 nm which arises from the stilbazole portion of the molecule, 10 while the UV-Vis absorption spectrum of the photoproduct 5 shows absorption at 266 nm (attributable to the thyminyl portion of the molecule). In the 3 spectrum, absorbance 35 by the thyminyl moiety at 266 nm is saturated by the 302 nm stilbazole absorption.
The disappearance of the 302 nm absorption band in the photo-product UV-Vis spectrum therefore indicates that the stilbazole olefin underwent photo-reaction upon irradiation, not the thyminyl olefin. Moreover, the 1 H-NMR 40 spectrum of the photo-product of 3 revealed a multiplet at δ 4.45 ppm (in D 6 -DMSO) arising from cyclobutane CH protons, while the doublet signal at δ 7.03 ppm (in CDCl 3 ) (from the stilbazole olefin in 3) was absent in the spectrum of the photo-product 5.
There was no evidence of cyclobutane formation at the thyminyl 45 moiety, since the signals for non-reacted thyminyl C5-CH3 and C6H could still be identified in the 1 H-NMR spectrum of the photo-product 5, while the typical upfield shifts observed for the C5-CH3 protons of thyminyl cyclobutane derivatives were absent. GPC and MS analyses on the photo-product sample 50 confirmed that a dimeric species was the exclusive photoproduct. Considering the crystal structure of the starting material 3, the photo-product was expected to be the head-to-tail stilbazole dimer 5.
As previously mentioned, the crystal structure of 3 in Figure 6 55 revealed that both the stilbazole olefins and thyminyl olefins were suitably aligned for photo-dimerisation by the [2π+2π]-cycloaddition reaction. It was therefore interesting to discover that only the stilbazole moiety underwent dimerisation to give stilbazole dimer 5, and that none of the other possible 60 products shown in Figure 1 had formed. The thyminyl cyclobutane dimer in Figure 1 would be the product of exclusive photo-reaction of the thyminyl olefins, while the polymer in Figure 1 would result from photo-reaction at both the stilbazole olefins and the thyminyl olefins. 65 The UV-Vis spectrum of VMT-4Pyr (3) showed strong absorbance at 302 nm from the stilbazole moiety (which was also the wavelength used to synthesize 5). Thus it was proposed that the 302 nm irradiation wavelength more specifically targeted photo-reaction at the stilbazole moiety rather than the thyminyl 70 moiety. In order to determine whether changing the irradiation protocol could lead to a change in the photo-products obtained (in particular, generation of the photo-polymer or the thyminyl dimer, two further experiments were conducted. Firstly, a sample of 3 was irradiated with 302 nm UV light (17 h) to obtain the 75 corresponding head-to-tail stilbazole cyclobutane photo-dimer (5) , and then this sample was irradiated with 254 nm UV in an attempt to achieve photo-conversion at the thyminyl rings. Unfortunately, no further photo-reactions were observed upon comparison of the 1 H-NMR spectra before and after irradiation 80 with 254 nm UV light. In a separate experiment, a fresh sample of crystalline 3 was directly irradiated with 254 nm UV. Again, only photo-dimerisation of the stilbazole olefins was observed (although it was incomplete after 17 h). From these two results, it did not appear that the photo-stability of the thyminyl olefin 85 could be attributed to the irradiation wavelength utilised for the [2π+2π]-cycloaddition reaction. Instead, a number of structural factors were considered in order to explain the photo-stability of the thyminyl olefins in samples of 3 and 5.
Firstly, it was possible that photo-reaction of the stilbazole 90 olefins caused disruption of the "ideal" thyminyl ring packing observed in the 3 crystal structure, such that the thyminyl moieties no longer adopted suitable conformations for the [2π+2π]-cycloaddition reaction to occur at the thyminyl olefins.
Only direct re-analysis of the irradiated 3 crystals by SC-XRD 95 would provide definitive structural evidence for photo-induced changes to the thyminyl ring packing arrangement and this was not possible as the 3 crystals fractured during the photo-reactions. It should also be noted that for exclusive formation of the 5 stilbazole photo-dimers to occur during irradiation, it is necessary 100 that the stilbazole olefins react preferentially. Referring to the crystal structure in Figure 5 , the stilbazole olefins are separated by a shorter distance than the thyminyl olefins (3.76 Å versus 4.04 Å, respectively), which may help account for the observed photo-stability of the thyminyl olefins. Another possible reason 105 for the photo-stability could be associated with the crowded packing around the thyminyl rings. As observed in the crystal structure of 3 in Figure 5 , the pyridyl nitrogen atoms are in close proximity with the thyminyl ring centroids (2.99 Å) and the two rings produce an edge-to-face arrangement. Meanwhile, the 110 thyminyl rings also form π-π stabilised trans-anti-type pairs. For the thyminyl olefins to undergo a [2π+2π]-cycloaddition reaction, the thyminyl rings would need to rotate slightly in order to achieve an overlap between the π-orbitals of the olefins. This type of motion, however, could potentially be blocked by the pyridyl rings that are positioned in close proximity behind each thyminyl ring. While it was not possible to directly analyse the "as-irradiated" 5 dimer sample by SC-XRD due to poor crystal integrity after irradiation, the crystal structure of 5 was eventually obtained by 5 SC-XRD analysis of a recrystallized sample of the compound. As shown in Figure 8 , the crystal structure obtained for stilbazole dimer 5 supports the previous spectroscopic identification of the photo-product as the head-to-tail stilbazole cyclobutane. For clarity, a schematic showing the configuration of substitutents 10 around the cyclobutane is included in Figure 8 . In the crystal structure, molecules of 5 pack into rows which are potentially stabilised by trans-anti type thymine-thymine π-π stacking interactions (Figure 8a) . The rows then stack to give the extended structure shown in Figure 8b . Close 35 pyridine-thymine π-π stacking interactions appear to further stabilise the stacked structure (3.72 Å, see Figure 8c, d) .
Interestingly, the crystal structure of the 5 cyclobutane compound shows that the distance between the olefins of proximity-related thyminyl units is only 3.57 Å, yet irradiation of the recrystallised 40 5 sample (302 nm) did not afford any new photo-products. Photo-stability of the thyminyl olefins was again attributed to crowded packing around the thyminyl rings (Figure 8d) . For the thyminyl olefins to undergo a [2π+2π]-cycloaddition reaction, the thyminyl rings would need to rotate slightly in order for the π-45 orbitals of the olefins to interact. In the 5 structure, this type of motion would probably be inhibited by the thymine-pyridine sandwiches.
Conclusions
50
Four thyminyl stilbazoles were synthesized using the Heck reaction and were each examined crystallographically. The crystal structures of the compounds 1 and 2, each possessed a free imide N3H which underwent intermolecular hydrogen bonding interactions and contributed to the slipped stacking of the 55 stilbazole portions of the molecules leading to large olefinic separation distances (4.99 and 4.87 Å, respectively). When the imide was methylated (compounds 3 and 4) this hydrogen bonding site was eliminated, which facilitated closer packing of the stilbazole olefins (3.76 and 4.40 Å, respectively). 60 Only crystals of the VMT-4Pyr (3) underwent [2+2]cycloaddition to give a cyclobutane dimer (5) . 1 H-NMR and UV-Vis spectroscopic analyses were used to classify the photoproduct as the head-to-tail stilbazole cyclobutane dimer. A number of structural factors were considered in order to explain 65 the photo-stability of the thyminyl olefins in crystal structures of 3 and 5.
